JM. Functionally distinct sodium channels in ventricular epicardial and endocardial cells contribute to a greater sensitivity of the epicardium to electrical depression.
IT HAS LONG BEEN RECOGNIZED that acute myocardial ischemia (AMI) induces a greater electrical depression of ventricular epicardial (Epi) versus endocardial (Endo) tissues (9, 12, 15, 19, 31, 32) . The presence of a prominent transient outward K ϩ current (I to )-mediated spike and dome morphology in Epi (9, 25) has been suggested to be in part responsible for the differential response as a result of the development of all-ornone repolarization at the end of phase 1 in Epi (loss of the dome) but not in Endo (4, 7, 8, 21, 26, 27) . This differential response may, at least in part, underlie the ST segment elevation observed in the surface ECG, particularly when the right ventricle (RV) is involved (11) . Our data also indicated that a markedly delayed transmural conduction or transmural conduction block may underlie the R-ST segment and T wave changes encountered during acute ischemia (9) . Other studies (13, 22) have also shown a greater Epi sensitivity to ATPsensitive K ϩ channel current (I K,ATP ) activation and suggested that this effect may contribute to its greater vulnerability to ischemic conditions.
The accumulation of K ϩ in the extracellular space is an important component of the ischemic myocardium. In the clinical setting, severe hyperkalemia (Ն8 mM) often leads to ECG patterns of R-ST segment and T wave changes referred to as pseudo-AMI (29, 34) , diffuse monophasic AP (MAP)-like ECG (17) , or Brugada-like ECG (24) . The underlying cellular bases for these ECG changes, as well as those observed in clinical AMI, are incompletely understood.
Moreover, Na ϩ channel inhibition induced by an intravenous infusion of Na ϩ channel blockers is used to unmask or amplify the Brugada syndrome ECG pattern (ST segment elevation in the right precordial leads, V1-V3) (14) . Brugada syndrome has been linked to loss of function mutations in SCN5A (5) . The proposed underlying basis for the manifestation of this genetic disease is, in essence, similar to that of acute ischemia (i.e., the ST segment elevation is secondary to accentuation of the RV Epi AP notch and/or loss of the AP dome) (1, 10, 11, 27, 39) .
Given that the conditions mentioned above (ischemia, severe hyperkalemia, Na ϩ channel inhibition, and mutations in SCN5A linked to the Brugada syndrome) have in common a reduction in Na ϩ channel availability, we tested the hypothesis that the greater sensitivity of Epi versus Endo to conditions that reduce Na ϩ channel availability is in part due to its intrinsically distinct early fast Na ϩ current (I Na ). We tested this hypothesis by exposing superfused Endo and Epi canine ventricular tissue slices and arterially perfused ventricular wedge preparations to elevated extracellular
and by measuring early I Na in isolated ventricular Epi and Endo myocytes. connected to a high-input impedance amplification system (World Precision Instruments, New Haven, CT) at a sampling rate of 40 kHz. Stimulation was applied through a pair of thin silver electrodes. Stimuli were bipolar rectangular pulses of 3-ms duration and twice threshold intensity at basic cycle lengths (BCLs) ranging from 300 to 800 ms. Ventricular wedge preparations. Transmural wedges with dimensions of up to 3 ϫ 2 ϫ 1.5 cm (LV wedge) or 2 ϫ 1.5 ϫ 0.9 cm (RV wedge) were dissected from the base of the RV and LV. During the cannulation procedure, preparations were initially arterially perfused with cardioplegic solution. Subsequently, wedge preparations were placed in a tissue bath and perfused with Tyrode solution of the following composition (in mM): 129 NaCl, 4 KCl, 0.9 NaH 2PO4, 20 NaHCO 3, 1.8 CaCl2, 0.5 MgSO4, and 5.5 glucose, buffered with 95% O 2 and 5% CO2 (37 Ϯ 0.5°C). The perfusate was delivered at a constant pressure (45-50 mmHg). A transmural pseudo-ECG (ECG) was recorded using two Ag/AgCl half cells placed ϳ1 cm from Epi (ϩ) and Endo (Ϫ) surfaces of the preparation and along the same axis as the transmembrane recordings. APs were simultaneously recorded from Epi (surface) and Endo (ϳ2-3 mm from the Endo surface) using floating glass microelectrodes. Basic pacing was applied to the Endo surface (BCLs ϭ 300 -2,000 ms). Both Endo and Epi pacing were used to measure the excitability threshold (ET) at all experimental conditions and cycle lengths studied. ECG and AP signals were amplified and/or digitized and analyzed using Spike 2 for Windows (Cambridge Electronic Design, Cambridge, UK).
MATERIALS AND METHODS

Ventricular
The term "R-ST segment" refers to the part of the wedge ECG between the onset of the R wave and the beginning of the T wave. R-ST segment changes resembling MAPs were used in this study to describe the ECG changes attending the high-[K ϩ ]o experiments in which a dramatic widening of the R wave (particularly at fast rates) merges with, and becomes indistinguishable from, pure ST segment changes. Similarly, as we stated earlier, in the clinical setting of severe hyperkalemia, ECG patterns of R-ST segment changes resembling MAPs are commonly described as mentioned and referred to as pseudo-AMIs, diffuse MAP-like ECGs, or Brugada-like ECGs (17, 24, 29, 34) .
Isolated myocyte preparation. Myocytes from Epi and Endo regions were prepared from canine hearts using previously described techniques (6, 25) . In brief, male and female adult mongrel dogs were anesthetized with pentobarbital sodium (35 mg/kg iv), and their hearts were rapidly removed and placed in nominally Ca 2ϩ -free Tyrode solution. A wedge consisting of the LV free wall supplied by a descending branch of the circumflex artery was excised, cannulated, and perfused with nominally Ca 2ϩ -free Tyrode solution containing 0.1% BSA for a period of ϳ5 min. Wedge preparations were then subjected to enzyme digestion with nominally Ca 2ϩ -free solution supplemented with 0.5 mg/ml collagenase (type II, Worthington) and 1 mg/ml BSA for 8 -12 min. After perfusion, thin slices of tissue from Epi (Ͻ2 mm from the Epi surface) and Endo (Ͻ2 mm from the Endo surface) were shaved from the wedge using a dermatome. Tissue slices were then placed in separate beakers, minced, incubated in fresh buffer containing 0.5 mg/ml collagenase and 1 mg/ml BSA, and agitated. The supernatant was filtered and centrifuged, and the pellet containing the myocytes was stored at room temperature. All animal procedures were in accordance with previously established guidelines (NIH Pub. No. 85-23, Revised 1985) .
Voltage-clamp recordings of peak INa. Early INa was measured as previously described (16) with minor modifications. Experiments were performed using a MultiClamp 700A (Axon Instruments, Foster City, CA). Command voltages were delivered, and data were acquired via a DigiData 1322 computer interface using Axon Instruments' pCLAMP 9 program suite with data stored on a computer hard disk. Patch pipettes were pulled from borosilicate glass (1.5 mm outer diameter and 1.1 mm inner diameter) on a model PP-830 vertical puller (Narashige Instruments). The electrode resistance was 1-2.5 M⍀ when pipetters were filled with the internal solution (see below). The membrane was ruptured by applying negative pressure, and series resistance was compensated by 75-80%. Whole cell current data were acquired at 20 -50 kHz and filtered at 5 kHz. Currents were normalized to cell capacitance.
The external solution contained (in mM) 120 choline Cl, 10 NaCl, 2.8 Na ϩ acetate, 0.5 CaCl2, 4 KCl, 1 MgCl2, 1 CoCl2, 10 glucose, 10 HEPES, 0.1 BaCl2, and 5 NaOH; pH was adjusted to 7.4 with NaOH/HCl. The pipette solution contained (in mM) 15 NaCl, 145 Cs aspartate, 1 MgCl 2, 5 KCl, 10 HEPES, 4 Na2ATP, and 10 EGTA; pH was adjusted to 7.2 with CsOH. Peak INa was dramatically reduced in the low extracellular Na ϩ to ensure adequate voltage control, as gauged by the slope of a Boltzmann fit to the steady-state activation curve (18) . When Na ϩ channel kinetics and density were measured, the holding potential was Ϫ120 mV to recruit all available Na ϩ channels. In addition, recordings of INa were made at least 5 min after rupture to minimize the effects of the time-dependent negative shift of steady-state inactivation that occurs in conventional voltage-clamp experiments (36) . Whole cell currents were analyzed using the Clampfit analysis program from pCLAMP 9 (Axon Instruments).
Statistics. Results from pooled data are presented as means Ϯ SE. Statistical analysis was performed using ANOVA coupled with Tukey's or Dunnett's test (tissue slices and wedge data) or test followed by a Student-Newman-Keuls test or a Student t-test (cell data), as appropriate, using SigmaStat software. P Ͻ 0.05 was considered statistically significant. (Fig. 1B) , transmural conduction failed during alternate beats leading to a 2:1 Epi AP response and subsequently conduction block and Epi unresponsiveness. Under these conditions, switching the pacing site from the Endo to Epi surface could not elicited a response, even at 10 times the control ET intensity. It needs to be recognized, however, that a reduced coupling in the sub-Epi (30, 35, 37) , leading to a slow rate of charge transferred into this region, may in part be the cause of the greater AP changes observed in Epi, suggesting that the Endo versus Epi differential response to high [K ϩ ] o may be the consequence of an ensemble of effects. Conversely, since we observed a similar phenomenon in isolated Epi slices (see Fig. 4 ) as well as when we paced the wedge preparations from the Epi side (see Endo and Epi ETs in Fig. 3 and Tables 1-3), the referred reduced coupling is unlikely to affect the principal findings of this study. Figure 2 shows an experiment performed in a RV wedge preparation in which 12 mM [K ϩ ] o was perfused in the absence (A and B; BCLs ϭ 2,000 and 300 ms, respectively) and presence of 1 mM 4-aminopyridine (4-AP; C and D). Figure 2 shows that, even in the presence of 4-AP, an I to blocker, a preferential rate-dependent depression of Epi AP morphology following exposure to high [K ϩ ] o persisted. Thus, these results emphasize the notion that the differential response between Endo and Epi in AP morphology and excitability are unrelated to transmural differences in I to . More readily, however, the data suggest that Endo versus Epi differences in I Na underlie the excitability disparities. Similar results were found in two additional experiments performed in RV wedge preparations.
RESULTS
Figure
The average data from the wedge experiments shown in Table 1 demonstrate that the QT interval and/or the AP duration at 50% and 90% repolarization of Endo and Epi ] o were also found between Epi and Endo ET at all BCLs studied. Mean data of ET, R wave width, and T wave amplitude obtained from 12 wedge preparations (7 isolated from the RV and 5 isolated from the LV) are also graphically illustrated in Fig. 3 .
The differential response to high extracellular K ϩ was also observed between isolated Endo and Epi tissue slices in which the use of the standard microelectrode technique allowed us to accurately quantify all AP parameters, including AP amplitude, resting membrane potential (RMP), and V max since the impalements were stable from the beginning to end of each experiment measured. Figure 4A (Tables 2 and 3) .
The composite data shown in Fig. 4B demonstrate that at a RMP of Ϫ66 mV, V max decreased to 51.1 Ϯ 5.3% of control in Endo (n ϭ 9) and 26.8 Ϯ 9.6% of control in Epi (n ϭ 14, P Ͻ 0.05 vs. Endo). Table 2 also shows that the amplitude of phase 0 is greatly reduced in Epi as the membrane potential depolarizes to values positive to Ϫ78 mV (P Ͻ 0.01 vs. Endo).
The data obtained in wedge preparations and tissue slices show a greater sensitivity of Epi versus Endo to membrane depolarization, a condition that reduces Na ϩ channel availability. These observations suggest that there are differences in I Na between the two tissues.
To test this hypothesis, we measured early I Na in Epi and Endo cells under voltage-clamp conditions. We first compared the current-voltage (I-V) relationship between Epi and Endo cells (Fig. 5) . A set of 30-ms depolarizing pulses were applied in 5-mV increments from a holding potential of Ϫ120 mV. The results of these experiments demonstrate that the density of I Na was not different between Epi and Endo cells (Fig. 5C) .
We next tested the hypothesis that the difference in sensitivity between Epi and Endo to membrane depolarization is due to changes in steady-state gating parameters. Steady-state inactivation of I Na was evaluated using a standard prepulse-test pulse voltage-clamp protocol (Fig. 6, top) . The peak current following a 500-ms prepulse was normalized to the maximum current and plotted as a function of the prepulse voltage to obtain the availability of the channels. Data were fitted to a Boltzman function and yielded mid-inactivation voltages of Ϫ83.6 Ϯ 0.1 mV for Epi and Ϫ75.5 Ϯ 0.3 mV for Endo cells (P Ͻ 0.05; Fig. 6C ). Thus, the availability of I Na at normal RMP (approximately Ϫ90 mV) is slightly greater in Endo than Epi. However, upon depolarization, these differences become accentuated, explaining why Epi cells tend to lose excitability earlier.
Since Epi cells have a more negative steady-state inactivation voltage compared with Endo cells, it suggests that as cells depolarize, Epi cells would lose excitability at more negative voltages. To further test this hypothesis, we measured the magnitude of I Na at different holding potentials. In the next set of experiments, the I-V relation was determined at holding potentials of Ϫ120, Ϫ90, and Ϫ70 mV in the same cell. Data were normalized to the maximum current measured from a holding potential of Ϫ120 mV. Figure 7 shows I-V relations recorded from Epi (A) and Endo cells (B) at different holding potentials. As the holding potential was more depolarized, there was a decrease in the size of I Na . Figure 7C shows the amount of I Na at different potentials. At Ϫ70 mV, there was a significant reduction in I Na in Epi cells compared with Endo cells.
We next evaluated the time course of recovery from inactivation in the two cell types. Figure 8 , A and B, shows representative traces in Epi and Endo cells. Reactivation of I Na at Ϫ100 mV for both cell types showed a fast and slow phase of recovery as follows: 1 ϭ 14.5 Ϯ 0.8 ms and 2 ϭ 65.7 Ϯ 9.7 ms for Epi cells and 1 ϭ 12.8 Ϯ 0.6 ms and 2 ϭ 45.6 Ϯ 2.5 ms for Endo cells (where 1 is the time constant for fast recovery and 2 is the time constant for slow recovery). The slow phase of recovery of I Na was significantly slower in Epi cells (P Ͻ 0.05; Fig. 8C ), suggesting that fewer Na ϩ channels are available at fast pacing frequencies.
DISCUSSION
Although the differential sensitivity of ventricular Epi versus Endo to conditions encountered during AMI, hyperkalemia, and Brugada syndrome are well documented, (1, 9 -12, 15, 19,  25, 27, 31, 32, 39) , the underlying basis for this distinctive behavior is not completely understood. Epi/Endo differences have, in the past, been largely attributed to differences in the contribution of I to and/or I K,ATP (13, 22) .
The present study demonstrates another important electrophysiological distinction that contributes to the differential depression of Endo and Epi. Our data show differences in the inactivation characteristics of Na ϩ channels in the two cell types. Steady-state inactivation in Epi displays a half-inactivation voltage that is ϳ8 mV more negative and a recovery from inactivation that is slower than that of Endo. Our results strongly suggest that these distinctions contribute to a greater rate-dependent depression of Epi, particularly at depolarized potentials, leading to the development of transmural gradients of repolarization, disparate repolarization times, conduction slowing, and block, all of which contribute to arrhythmogenesis.
Contrary to our findings, early I Na differences in density but not in channel availability have been reported between Epi and Endo in the rat LV (3).
The molecular basis for the differences in steady-state inactivation is not known. It is tempting to speculate that differences in the stochiometry of the Na ϩ channel's auxiliary ␣-and ␤-subunits underlie the lower Na ϩ channel availability observed in Epi. The more negative half-inactivation voltage observed in Epi may be secondary to a lower ␣-to-␤ 1 -to-␤ 3 ratio, that is to say, a proportionally greater share of ␤-subunitforming proteins. An overall reduction in Na ϩ channel availability induced by the ␤-subunit has previously been reported (20) . However, it needs to be recognized that coexpression of the Na ϩ channel's ␣-and ␤-subunits has produced controversial electrophysiological results (28) . Thus, the molecular basis for functionally distinct Na ϩ channels awaits further investigation.
Clinical implications. Our data reveal that, in addition to I K,ATP and I to , differences in early I Na between Endo and Epi may contribute to the mechanisms involved in their differential response to AMI and other conditions that depolarize the ventricular myocardium (i.e., hyperkalemia).
Although our measurements of inactivation characteristics were limited to LV myocytes, the qualitatively similar responses of RV and LV wedge preparations and tissue slices suggest that these distinctions in inactivation characteristics may apply as well to the RV. If so, these differences in Na ϩ channel characteristics between Epi and Endo may also contribute to the development of Brugada syndrome. It is well known that hyperkalemia is among the many clinical situations that may unmask or exacerbate the ECG pattern of Brugada syndrome (2) . However, by no means are we proposing that our experiments with high [K ϩ ] o and the similarities between the wedge ECG and surface ECG in Brugada syndrome patients imply an involvement of depolarized tissues in the pathophysiology of this genetic disease. Rather, our data suggest that in the background of transmural and interventricular differences in I to (11, 23, 38) and probably other conditions yet to be identified, the intrinsic functional differences in I Na between Endo and Epi reported in this study may contribute to the manifestation of the disease, particularly in the 20 -30% of the cases in which a loss of function mutation in the SCN5A gene is found. It needs to be acknowledged, however, that loss of function mutations in SCN5A may affect differentially Endo and Epi as long as they unmask, in a similar manner, the functional differences revealed at depolarized potentials reported in this study. Of note, many of the mutations associated with Brugada syndrome have been shown to alter the availability of I Na by shifting the half-inactivation voltage to more negative potentials (33) . Thus, we speculate that interventions designed to shift half-inactivation voltage to more positive potentials may be of therapeutic value.
Finally, we need to recognize the fact that, as expected, the ECGs recorded from the wedge preparation may not fully replicate the in situ observations in that the surface ECG is an expression of a much more complex summation of voltage gradients including transmural (as in the wedge) and tangen- tial, the latter comprising apicobasal, interregional, and interventricular gradients.
Summary. Our study demonstrates important differences in early I Na between canine ventricular Endo and Epi. The data suggest that reduced I Na availability in Epi may contribute to its greater sensitivity to electrical depression and may in part contribute to electrocardiographic changes and arrhythmogenesis under a wide variety of pathophysiological conditions. 
